Criegee intermediates are thought to play a role in atmospheric chemistry, in particular, the oxidation of SO 2 , which produces SO 3 and subsequently H 2 SO 4 , an important constituent of aerosols and acid rain. However, the impact of such oxidation reactions is affected by the reactions of Criegee intermediates with water vapor, because of high water concentrations in the troposphere. In this work, the kinetics of the reactions of dimethyl substituted Criegee intermediate (CH 3 ) 2 COO with water vapor and with SO 2 were directly measured via UV absorption of (CH 3 ) 2 COO under near-atmospheric conditions. The results indicate that (i) the water reaction with (CH 3 ) 2 COO is not fast enough (k H2O < 1.5 × 10 −16 cm 3 s −1
. These observations imply a significant fraction of atmospheric (CH 3 ) 2 COO may survive under humid conditions and react with SO 2 , very different from the case of the simplest Criegee intermediate CH 2 OO, in which the reaction with water dimer predominates in the CH 2 OO decay under typical tropospheric conditions. In addition, a significant pressure dependence was observed for the reaction of (CH 3 ) 2 COO with SO 2 , suggesting the use of low pressure rate may underestimate the impact of this reaction. This work demonstrates that the reactivity of a Criegee intermediate toward water vapor strongly depends on its structure, which will influence the main decay pathways and steady-state concentrations for various Criegee intermediates in the atmosphere. Ozonolysis of unsaturated hydrocarbons produces highly reactive Criegee intermediates (CIs) (1) , which may (i) decompose to radical species like OH radicals or (ii) react with a number of atmospheric species, for example, with SO 2 to form SO 3 and with NO 2 to form NO 3 (2, 3) . The SO 2 oxidation by CIs has gained special attentions because the SO 3 product would be converted into H 2 SO 4 , an important constituent of aerosols and acid rain (4) (5) (6) (7) (8) . For example, Mauldin et al. (4) have speculated that Criegee intermediate reactions with SO 2 may account for the discrepancy between the observed and modeled concentrations of H 2 SO 4 in a boreal forest region, where various alkenes are emitted by trees.
Recently, Welz et al. (2) demonstrated an efficient method to prepare a CI in a laboratory by the reaction of iodoalkyl radical with O 2 (for example, CH 2 I + O 2 → CH 2 OO + I). This method can produce a CI of high enough concentration that allows direct detection. With photoionization mass spectrometry (PIMS) detection, Welz et al. (2) measured the rate coefficients of the simplest CI (CH 2 OO) reactions with SO 2 and NO 2 . Notably, these new rate coefficients, confirmed by a few later investigations (9) (10) (11) , are orders of magnitude larger than those previously used (12, 13) in atmospheric models (e.g., MCM v3.3, available at mcm.leeds. ac.uk/MCM/browse.htt?species=CH2OO), suggesting a greater role of CIs in atmospheric chemistry. This result also indicates previous ozonolysis analyses may be affected by complicated and partly unknown side reactions and may contain errors in some of the reported rate coefficients.
Typical water concentration in the troposphere (1.3 × 10 17 to 8.3 × 10 17 cm −3 at the dew point of 0-27°C) is orders of magnitude higher than those of atmospheric trace gases like SO 2 , NO 2 , and volatile organic compounds (VOC) (on the order of 10 12 cm −3 or less). Although it has been shown that CIs may react very fast with SO 2 , NO 2 , and organic acids (2, 3, 14) , the reactions of CIs with atmospheric water vapor would still strongly influence the fates and concentrations of atmospheric CIs (see Fig. 1 for a simplified schematic). As expected, the reactivity of CIs toward water vapor would govern the modeling results of atmospheric H 2 SO 4 formation from CIs (8, 15, 16) .
However, there had been discrepancies about the reactivity of CIs toward water. Whereas studies (17) (18) (19) (20) ) in the reported rate coefficient, other studies (2, 10, 21) using the CH 2 I+O 2 reaction as a CH 2 OO source reported negative observation for the CH 2 OO reaction with water vapor.
More recently, Chao et al. (22) and Berndt et al. (23) investigated the reaction of CH 2 OO with water vapor using the CH 2 I+O 2 reaction and the C 2 H 4 ozonolysis as their CH 2 OO sources, respectively. Both groups observed clear second-order kinetics with respect to the concentration of water and concluded that reaction with water dimer predominates in the decay of CH 2 OO under atmospheric conditions and that previous studies may require some reinterpretations. The reported rate coefficient of the CH 2 OO reaction with water dimer is large, about 7 × 10 −12 cm 3 s −1 (22), leading to extremely fast decay rate of CH 2 OO under typical tropospheric conditions (Table 1) .
Taatjes et al. (3) and Sheps et al. (24) have reported that the antiform of methyl-substituted CI (CH 3 CHOO, R 1 = H in Fig. 1 ) reacts with water vapor much faster than the syn-form (R 1 = CH 3 in Fig. 1 SO 2 , these CIs may accumulate to higher concentrations and have higher probability to oxidize atmospheric SO 2 . Table 1 shows selected rate coefficients for relevant CI reactions and the effective first-order decay rate coefficients (k eff ) of small CIs under an atmospheric condition.
As will be discussed in detail in Discussion and Conclusions, the steady-state concentration of a particular CI would depend on its formation rate and effective decay rate coefficient; its impact on the SO 2 oxidation would further depend on its concentration and reaction rate coefficient with SO 2 . Experimental results (Table 1) show that CH 2 OO and anti-CH 3 CHOO react with water vapor very quickly (3, (22) (23) (24) . Thus, their steady-state concentrations would be too low to have a significant impact in SO 2 oxidation under typical atmospheric conditions, as shown in modeling results (15, 16) . On the other hand, previous experimental data for syn-CH 3 CHOO (3, 24) are not precise enough to determine its main decay pathways in the atmosphere.
Quantum-chemistry (25-27) calculations predicted that the antiform of CIs (CIs with R 1 = H in Fig. 1 , including CH 2 OO) react with water vapor very quickly and that the syn-form of CIs (CIs with R 1 ≠ H in Fig. 1 , including dialkyl-substituted CIs) react slowly with water vapor. Here, steric hindrance of the alkyl group may account for the structure dependence in the reactivity. However, due to uncertainty in the calculated rate coefficients, it is unclear about the main decay channels of the syn-CIs in the atmosphere. For example, some theoretical investigation (29) shows that the reactions of water vapor with syn-CIs may still be fast enough (with a large uncertainty) to efficiently scavenge atmospheric syn-CIs, whereas some other calculations (25) suggest that these reactions are too slow to consume syn-CIs significantly. If the latter is the case, syn-CIs may have higher steady-state concentrations in the troposphere and may still play an important role in the SO 2 oxidation; otherwise the steady-state concentrations of syn-CIs would still be low due to their fast consumption by reactions with water vapor (unless their sources are significantly larger than current estimation) and we might need to find another candidate for the unknown oxidant [oxidant X in the work by Mauldin et al. (4) ] in the SO 2 atmospheric chemistry.
To shed some light on this important issue, we performed direct kinetic measurements of the reactions of dimethyl-substituted CI, (CH 3 ) 2 COO, with water vapor and with SO 2 under near-atmospheric conditions. By introducing the water reactant at high concentrations, the rate coefficient of (CH 3 ) 2 COO reaction with water can be better constrained. In contrast with the fast reaction of CH 2 OO with water dimer, this result shows that the relative probabilities of (CH 3 ) 2 COO reactions with SO 2 and with water vapor are comparable in the troposphere, so water alone would not completely scavenge (CH 3 ) 2 COO, suggesting CIs of similar structures may play a more important role in the atmospheric oxidation of SO 2 .
Results Fig. 2A shows time-resolved difference absorption spectra recorded in the (CH 3 ) 2 CI 2 /O 2 pulsed photolysis system, in which the laser pulse defines delay time t = 0. The photodissociation of the (CH 3 ) 2 CI 2 precursor produces (CH 3 ) 2 CI radicals; (CH 3 ) 2 COO was formed through the reaction of (CH 3 ) 2 CI + O 2 → (CH 3 ) 2 COO + I (30). At t = 50 μs, a strong absorption band peaked at 330 nm was observed, which decays with the delay time. At very long delay time (e.g., 2,000 μs), a negative difference absorption signal peaked at 296 nm was observed, which corresponds to the depletion of the (CH 3 ) 2 CI 2 precursor. Fig. 2B shows the spectra recorded at a very similar condition but adding SO 2 gas to scavenge CIs. The absorption signal in Fig. 2B Fig. 2B shows that the depletion of the precursor is a constant after the photolysis laser pulse, which would not affect our kinetic analysis for (CH 3 ) 2 COO.
Representative difference transient absorption traces recorded at various SO 2 concentrations are shown in Fig. 3 ; a more complete set of the experimental data can be found in SI Appendix, Figs. S3-S6 and Table S1 . As mentioned above, (CH 3 ) 2 COO is the main spectral carrier for the absorption at 340 nm. The rapid rise of the signal after the photolysis laser pulse was due to (CH 3 ) 2 COO formation. When SO 2 is added, the reaction of (CH 3 ) 2 COO with SO 2 dominates in the observed decay of (CH 3 ) 2 COO. When no SO 2 is added, the (CH 3 ) 2 COO decay is due mainly to reactions of (CH 3 ) 2 COO with radical species, including I atoms, OH radicals [possibly from decomposition of (CH 3 ) 2 COO (30)], and (CH 3 ) 2 COO itself, similar to the case of CH 2 OO (33). Because the concentration of (CH 3 ) 2 COO in our experiment was low (on the order of 10 11 cm −3 ), the selfreaction between two (CH 3 ) 2 COO molecules did not dominate in the decay of (CH 3 ) 2 COO, leading to the observed first-orderlike decay. The decay of the (CH 3 ) 2 COO signals can be well described by Eqs. 1 and 2. Under the high O 2 pressure (∼10 torr) used in this study, the formation time of (CH 3 ) 2 COO is within 1 μs. This formation time is relatively short in comparison with the decay time of (CH 3 ) 2 COO. Thus, the fitting for the decay typically started at t = 10 μs to decouple the formation kinetics.
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Fig . 4 shows the observed pseudo-first-order rate coefficient (k′− k 0 ) as a function of SO 2 concentration, where the k 0 term (Eq. 2) accounts for the (CH 3 ) 2 COO decay when no SO 2 was added (see SI Appendix, Table S1 for the values of k 0 ). A linear relationship between k′ and [SO 2 ] is found with the slope corresponding to the rate coefficient k SO2 for the (CH 3 ) 2 COO reaction with SO 2 . In Fig. 4 , it is obvious that the slope is different at different total pressure. CDifference spectra between A and B Applying steady-state approximation to INT* leads to the following:
Theoretical analysis (29) suggests that (R2) is the main pathway (97%) for the (CH 3 ) 2 COO reaction with SO 2 under atmospheric pressure. Thus, we may simplify the mechanism by assuming k 2 [M] >> k 3 , unless the pressure is low. (R4) may be a slow reaction, but if there are no other competing processes, the yield of R4 may still be high, as indicated by previous ozonolysis studies (20, 28, 34) . The best fit of Eq. 4 to the data of Fig. 5 is shown as the red line (the best fit gives k 3 =0). At the high-pressure limit, k SO2 = k 1 = 1.32 × 10 −10 cm 3 s −1 . Nonzero k 3 leads to a nonzero low-pressure-limit rate constant k 1 k 3 /(k -1 +k 3 ) but a value larger than 6 × 10 −11 cm 3 s −1 for this term cannot fit the data satisfactorily (green line in Fig. 5 ). The error in k 1 mostly comes from the uncertainty in the absolute concentrations of SO 2 , which is less than 10%. Thus, we report k 1 = (1.32 ± 0.13)×10 −10 cm 3 s −1 . To further elucidate the role of the buffer gas, we changed the buffer gas from N 2 to CO 2 or Ne and performed similar experiments at 50 torr. SI Appendix, Fig. S9 shows that CO 2 is a more efficient collider than N 2 and Ne is a less efficient collider, as one may expect. Furthermore, we also investigated the pressure effect in the reaction of CH 2 OO with SO 2 . However, the reaction rate coefficient of CH 2 OO with SO 2 does not exhibit significant pressure dependence (see SI Appendix, Figs. S13-S15 and Table S3 and ref. 10) .
The pressure dependence of the reaction of (CH 3 ) 2 COO with SO 2 has implications in atmospheric chemistry. Applying lowpressure rates in a model may underestimate the impact of the (CH 3 ) 2 COO reaction with SO 2 . Similarly, the pressure dependence of the reactions of SO 2 with other CIs needs to be investigated because quite a number of rate coefficients of CI reactions are measured under low-pressure conditions [∼4 torr for PIMS experiments (2, 3, 14) ].
The kinetics of the (CH 3 ) 2 COO reaction with water vapor were also measured. In sharp contrast with the fast reaction of CH 2 OO with water vapor, the decay of (CH 3 ) 2 COO barely depends on (RH = 90% at 298 K). Fig. 7 shows the first-order rate coefficients k′ of (CH 3 ) 2 Table S2 ).
Discussion and Conclusions
So far, there is no method available to detect the concentration of any CI in the atmosphere. The estimation of the CI concentration can only be done by knowing its formation rate and consumption rate. The impact of a given CI (e.g., to the SO 2 oxidation) depends on its concentration and the rate coefficient of its reaction with SO 2 , as shown in the following (Eqs. 5-9):
where [CI] ss is the steady-state concentration of the CI; k form is the formation rate constant of the CI from its precursors (e.g., ozone 
-9).
On the other hand, the reaction of (CH 3 ) 2 COO with H 2 O is much slower, such that the water reaction would not limit the (CH 3 ) 2 COO concentration in the troposphere anymore. In addition, the rate coefficient of (CH 3 ) 2 COO reaction with SO 2 is larger than those of other known CI reactions with SO 2 , indicating a greater role of (CH 3 ) 2 COO in the atmospheric SO 2 oxidation. In other words, there is a strong structure dependence in the CI oxidation of SO 2 . For (CH 3 ) 2 COO, its k decay is smaller and its k SO2 is larger, such that the SO 2 oxidation rate by (CH 3 ) 2 COO is faster in comparison with those for CH 2 OO and anti-CH 3 CHOO, assuming similar formation rates (see Eq. 9). In addition, for a CI with small k H2O and k w2 , its k therm would be another important factor that also influences its [CI] ss and oxidation capacity. A related issue is that the thermal decomposition of syn-CIs [including (CH 3 ) 2 COO] may form OH radicals through a 1,4 H-migration process (30), which may be an important nonphotolytic OH source in the troposphere. Again, structure dependence of k therm for various CIs would need further investigation.
Previous studies of ozonolysis of 2,3-dimethyl-2-butene (tetramethyl ethylene, 
It is important to note that the reactivity of a particular CI toward water vapor strongly depends on its structure. Table 1 indicates that a methyl group substitution for R 1 may alter the rate coefficient by orders of magnitude. Although ozonolysis experiments (20, 28, 34 ) have also shown a trend for the structure dependence, the magnitude of the reactivity difference is much smaller than what is observed in the direct kinetic measurements (Table 1 ). In addition, the ozonolysis experiments cannot distinguish the anti-and syn-conformers of CIs, which have quite different reactivity.
The results summarized in Table 1 give direct evidence that the reaction of water with (CH 3 ) 2 COO is greatly hindered by the methyl group at the R 1 position. Interestingly, methyl substitution seems to enhance the reactivity of CIs toward SO 2 . One can imagine that CIs with more complicated substitution groups may also react with water slowly but react with SO 2 quickly, similar to (CH 3 ) 2 COO. Such CIs may be the candidate for the oxidant X in the SO 2 oxidation, an important issue raised recently (4) .
Considering that much of the VOC emissions consist of a large variety of alkenes, ranging from simple alkenes like C 2 H 4 and C 3 H 6 to bigger alkenes like isoprene, monoterpenes, sesquiterpenes, etc., various CIs are expected to form in the atmospheric ozonolysis reactions. To assess the impact of the CI+SO 2 reaction class on the atmosphere, it is critical to know the atmospheric concentration of CIs. As mentioned above, it requires the relevant rate coefficients to estimate the atmospheric concentration of a CI. Water is the third most abundant molecule in the air. The reactions of CIs with water are crucial in determining the concentrations and fate of the CIs. The slow rates of water reactions with (CH 3 ) 2 COO or with similar CIs are very difficult to measure, but very important in estimating the concentrations of those CIs and thus the oxidizing capacity of the atmosphere.
Materials and Methods
The experimental setup has been described in detail elsewhere (22, 32). In brief, (CH 3 ) 2 COO was generated from photolysis of a gaseous mixture consisting of (CH 3 Spectral Measurements. Transient absorption spectra of the reaction system were measured with a continuous broadband light source (Energetiq, EQ-99) and a time-gated iCCD spectrometer (Andor, SR303i and DH320T-18F-03). The light source was projected to the entrance of the absorption cell by an achromatic lens (Thorlabs ACA254-100-UV). To enhance the absorption signal, the probe light was reflected eight times through the photolysis reactor by a spherical mirror (R = 1 m, Thorlabs, CM750-500-F01) and a SiO 2 prism. The probe beam and the photolysis beam were overlapped collinearly in the photolysis reactor. For the iCCD measurement, the reference spectrum was recorded 200 μs before the photolysis pulse. Transient spectra at delay times 50, 100, 150, 200, 250, 300, 500, 1,000, and 2,000 μs were recorded.
Kinetics Measurements. Absorption signal at 340 nm was measured in real time by using a balanced photodiode detector (Thorlabs, PDB450A) and a bandpass filter (Edmund Optics, 65129, 10-nm OD4 band pass filter) and the same light source. A time-dependent transmittance change (<1%) was observed after the photolysis pulse even without adding any sample. Relative Humidity Measurements. The relative humidity was adjusted by controlling the mixing ratio of dry and moisturized buffer gases with mass flow controllers (Brooks, 5850E or 5800E) and monitored with a humidity sensor (Rotronic, HC2-S). The temperature for measuring the water reaction was controlled at 298.2 ± 0.5 K.
Precursor Preparation. . UV absorption spectra of IO and C1 to C3 diiodoalkanes. The spectrum of (CH 3 ) 2 CI 2 was measured by the iCCD spectrometer; the spectra of other species are from the literature (1). The maximum cross section of (CH 3 ) 2 CI 2 was assumed to be the same as that of CH 2 I 2 , which is about 3.8x10 18 cm 2 . Table S1 for the values of the rate coefficients. Exp #W7, P total = 400. 
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Data and analysis for the CH 2 OO reaction with SO 2 : Fig. S13-S15 , Table S3 The pressure dependence on the rate coefficient of the CH 2 OO reaction with SO 2 was investigated in this lab in order to have a more direct comparison with that of the (CH 3 ) 2 COO reaction with SO 2 . The data and fit are shown below. A brief conclusion is that the pressure dependence (Fig. S15) is not obvious in the CH 2 OO + SO 2 system. measurements were performed at 298 K with N 2 as the buffer gas at the indicated total pressure. The error bars indicate the standard deviations; the number of independent data can be found in Table S3 for each experiment. Solid lines are linear fit to the data at the corresponding pressure. The error bars of the data indicate the standard deviations. There are total 8 independent measurements. See Table S3 for the experimental conditions.
